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ABSTRACT
We present multi-epoch optical observations of the blazar 3C 454.3 (z = 0.859) from 2008
August through 2011 December, using the SMARTS Consortium 1.5m+RCSpectrograph and
1.3m+ANDICAM in Cerro Tololo, Chile. The spectra reveal that the broad optical emission lines
Mg II, Hβ and Hγ are far less variable than the optical or γ-ray continuum. Although, the γ-rays
varied by a factor of 100 above the EGRET era flux, the lines generally vary by a factor of 2 or less.
Smaller variations in the γ-ray flux did not produce significant variation in any of the observed emis-
sion lines. Therefore, to first order, the ionizing flux from the disk changes only slowly during large
variations of the jet. However, two exceptions in the response of the broad emission lines are reported
during the largest γ-ray flares in 2009 December and 2010 November, when significant deviations from
the mean line flux in Hγ and Mg II were observed. Hγ showed a maximum 3σ and 4σ deviation in
each flare, respectively, corresponding to a factor of 1.7 and 2.5 increase in flux. Mg II showed a 2σ
deviation in both flares; no variation was detected in Hβ during either flare. These significant devia-
tions from the mean line flux also coincide with 7mm core ejections reported previously (Jorstad et al.
2012). The correlation of the increased emission line flux with mm core ejections, and γ-ray, optical
and UV flares suggests that the broad line region extends beyond the γ-emitting region during the
2009 and 2010 flares.
Subject headings: BL Lacertae objects: individual (3C 454.3) — galaxies: active — galaxies: jets —
techniques: spectroscopic — quasars: emission lines
1. INTRODUCTION
Active galactic nuclei (AGN) are actively ac-
creting supermassive black holes at the centers of
massive galaxies. They have been well studied
since their discovery 50 years ago (e.g. Antonucci
1984; Peterson & Ferland 1986; Tadhunter et al.
1992; Maraschi et al. 1992; Ghisellini et al. 1993;
Urry & Padovani 1995; Korista et al. 1997; Fossati et al.
1998; Kaspi et al. 2005; Marscher et al. 2008, etc.), and
in broad terms, their basic characteristics are reasonably
well known. An ultraviolet-X-ray continuum is produced
near the black hole, probably in an accretion disk and
energetic corona. Optical and near-infrared spectra
of AGN reveal emission lines produced in gas clouds
photoionized by this continuum. In approximately 10%
of the total AGN population, a jet of radio-emitting
plasma moves outward relativistically (Kellermann et al.
1989; Urry & Padovani 1995). We still do not know how
jets form and are collimated, what distribution of jet
energies nature produces, or how (if) the accretion flow
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is linked to the jet.
Blazars are AGN oriented with the jet axis at very
small angles to the line of sight. This orientation causes
Doppler beaming of the observed jet luminosity, mak-
ing the jet appear brighter and the variability timescale
shorter. Beaming makes blazars an ideal laboratory for
studying the relativistic jets, because the observed jet
emission dominates the thermal emission. The observed
jet luminosity, L, is related to the intrinsic jet luminos-
ity, L, by the Doppler beaming factor, δ: L=δ4L (with
luminosity integrated over energy). For blazars with ori-
entation angles that are small with respect to the line of
sight, δ ∼ Γ at θ=Γ−1 and βapp ∼ Γβ, where Γ is the
bulk Lorentz factor, βapp is the observed velocity of the
emitter, and β is the true bulk velocity. Typically, Γ ∼
δ ∼10 in blazars.
Outflow energy is thought to be extracted from
the black hole through the accretion disk or black
hole spin (Blandford & Payne 1982; Blandford & Znajek
1977). Thus, the relationship between the accre-
tion disk and relativistic jet is of primary impor-
tance to understanding the energy budget of the sys-
tem. The accretion disk light is often swamped by
the non-thermal jet emission however, even in the op-
tical regime. Still, in some blazars we can see (un-
beamed) emission lines and even a hint of a thermal
accretion disk spectrum (Pian et al. 1998; Raiteri et al.
2007a; Bonning et al. 2009; D’Ammando et al. 2009;
Bonnoli et al. 2011; Raiteri et al. 2011), polarization
data provides an independent detection of the Big Blue
Bump in blazars (Smith et al. 1986, 1988).
Perhaps the most powerful tool to address the connec-
tion between the disk and jet is time variability. By mon-
itoring the different components and emission regimes,
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and tracking the leads and lags between them, one can
in principle build up a full geometric picture of the flow
of matter and resulting radiation.
The short timescale γ-ray variability of blazars can
now be studied extremely well thanks to the launch of
the Fermi γ-ray satellite in 2008 June. Since then, sev-
eral groups have been monitoring γ-ray bright blazars in
other wavebands. In particular, SMARTS daily optical-
infrared photometry and bi-monthly optical spectroscopy
were obtained for several southern hemisphere sources
(Bonning et al. 2012), including 3C 454.3 (Bonning et al.
2009). This blazar was the brightest γ-ray source in the
Fermi sky during and after launch. During the EGRET
era it was much fainter, with a maximum jet flaring
flux(E> 100MeV) of F100 ∼ 0.5×10
−6 photons cm−2
s−1, more than a factor of 120 times fainter than the
brightest state during the Fermi era.
Optical-infrared photometry of 3C 454.3 during the
first year of Fermi operations showed correlated variabil-
ity with γ-ray and ultraviolet light curves (Bonning et al.
2009, Fig 1), a result that was confirmed for subse-
quent flares in the same source (Pacciani et al. 2010;
Raiteri et al. 2011; Vercellone et al. 2011; Jorstad et al.
2010). Five major γ-ray flares have been recorded for
3C 454.3 over the three year period discussed here. High
resolution observations of the radio core of 3C 454.3
have also been undertaken (Jorstad et al. 2005, 2010,
2012). Recent observations show the 1mm and 7mm ra-
dio core emission is well correlated with the γ-ray and
optical flaring events, with 7mm core ejections detected
in the 2009 December and 2010 November flaring peri-
ods (Jorstad et al. 2012). This correlation suggests that
in addition to the synchrotron-emitting electrons and up-
scattered γ-ray radiation being cospatial (Bonning et al.
2009), the high-frequency radio core emission must also
be in close proximity given their simultaneous flaring
episodes.
Emission line variability information in blazars com-
parable to the reverberation mapping studies of moder-
ate luminosity AGN is scarce (Peterson & Ferland 1986;
Clavel et al. 1991; Netzer & Peterson 1997), although
some line variability has been observed on timescales of
months (Zheng & Burbidge 1986; Bregman et al. 1986;
Ulrich et al. 1997; Perez et al. 1989; Corbett et al. 2000).
For two prominent blazars, the continuum variations
are a factor of 2 (3C273) to a factor of 50 (3C279)
times larger in the optical/ultraviolet than the emission
line variations, which are less than 25% in amplitude
(Ulrich et al. 1993; Falomo et al. 1994; Koratkar et al.
1998). This lack of large amplitude line variability in
blazars implies the underlying photoionizing flux comes
from a relatively constant source, presumably the accre-
tion disk. Historically, no evidence for an increase in line
flux related to the jet flares was detected, even when the
beamed contribution to the UV continuum swamped the
unbeamed thermal disk contribution at periods of high
jet activity (e.g., Smith et al. 2011).
However, the lack of long-term simultaneous high-
energy data and multi-epoch emission line studies made
it difficult to detect any disk-jet connection. Multi-
epoch optical spectroscopy of mostly northern hemi-
sphere sources was carried out in conjunction with
Fermi observations, including 3C 454.3 (Smith et al.
2009; Ben´ıtez et al. 2010). Recently, a 40% variation in
the Mg II line was reported (Leo´n-Tavares et al. 2013).
Other contemporaneous, spectroscopic studies have com-
pared single-epoch Fermi-detected blazar emission lines
and the total radiative γ-ray luminosity to derive correla-
tions between the broad line region and γ-ray luminosity
(Chen et al. 2009; Ghisellini et al. 2011; Sbarrato et al.
2012; Shaw et al. 2012).
In this paper we present time-resolved spectroscopy of
the bright, superluminal blazar 3C 454.3 obtained with
SMARTS, which we supplement with publicly available
data. The variability of the strongest features, Mg II,
Hβ, and Hγ emission lines, is discussed. We then com-
pare to the continuum variability, in particular the opti-
cal and γ-ray flux, which comes from the aligned jet. In
§2 we describe the SMARTS observational program and
Fermi data. In §3, we discuss the line variations. We
discuss implications of our findings in §4 and conclusions
in §5. We use concordance cosmology to describe our
results: Ho = 70 km s
−1 Mpc−1, Ωm=0.27, ΩΛ=0.73.
2. OBSERVATIONS AND DATA
2.1. Photometry & Polarimetry
Optical photometric data were obtained using the
Small and Medium Aperture Research Telescope Sys-
tem1 (SMARTS ) 1.3m+ANDICAM in Cerro Tololo,
Chile. The SMARTS photometry and data analysis are
described by Bonning et al. (2012). We use the same
procedures here to derive the multi-band photometry of
3C 454.3 across the full 3.3-year period; these data are
listed in Table 1.
We also use optical photometry and polarimetry ob-
tained with the Steward Observatory2; the data analysis
is described by (Smith et al. 2009). The optical photom-
etry represents the sum of emission from the presumably
unpolarized accretion disk, and the more highly polarized
jet emission. In the SMARTS data, we were able to sepa-
rate the two components using variability Bonning et al.
(2012). Optical polarization is also useful in determining
the synchrotron flux contribution to the optical contin-
uum. We obtained the polarized flux by multiplying the
percentage polarization by the optical V-band flux (e.g.,
Smith et al. 1994; Raiteri et al. 2012).
Figure 1 shows the light curves of 3C 454.3 from 2008
- 2011, from Fermi (E > 100MeV) γ-ray, polarized op-
tical flux (V) measured at Steward Observatory, and
SMARTS B- and J- band photometry. Vertical lines indi-
cate dates when SMARTS optical spectra were obtained.
2.2. SMARTS Spectroscopy
Low resolution optical spectra (R ∼ 500) of 3C 454.3
(z=0.859) were obtained from 2008 August 22 through
2011 December 1, approximately twice monthly, as de-
tailed in Table 1, using the SMARTS Consortium 1.5m
+ RCSpectrograph in queue-scheduled mode. The 1.5-
meter Cassegrain spectrograph is at an f /7.5 focus with
plate scale 18.1′′ mm−1 and LORAL 1K (1200 × 800)
CCD. The primary grating for this study has first order
resolution of 17.2 A˚, spectral coverage of 3600 - 9000
1 http://www.astro.yale.edu/smarts/glast/index.html
2 http://james.as.arizona.edu/ psmith/Fermi/
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TABLE 1
SMARTS 1.5m Observation Log
UTC MJD V σV R σR EW (Mg II) σM EW (Hβ) σβ EW( Hγ) σγ
[YYYYMMDD] [mag] [mag] [mag] [mag] [ A˚] [ A˚] [ A˚] [ A˚] [ A˚] [ A˚]
20080823 54701.2 15.094 0.007 14.579 0.006 2.75 1.12 2.66 1.72 3.39 2.26
20081014 54753.1 15.353 0.013 14.871 0.011 4.57 1.97 3.76 2.69 6.19 4.98
20081104 54774.0 16.145 0.011 15.649 0.01 8.22 1.69 12.11 5.24 13.48 7.34
20090710 55022.4 16.231 0.02 15.868 0.018 8.13 1.70 13.02 6.02 13.95 7.28
20090825 55068.2 14.904 0.006 14.389 0.005 2.75 0.36 4.23 1.04 3.04 0.51
20090902 55076.2 15.214 0.01 14.736 0.008 4.29 0.98 5.70 1.83 3.60 0.79
20090912 55086.1 15.309 0.007 14.816 0.006 3.94 0.51 4.57 1.06 2.93 0.55
20090923 55097.1 15.435 0.007 14.911 0.006 2.11 0.35 4.61 1.36 3.68 1.21
20091002† 55106.2 15.147 0.011 14.707 0.009 3.77 0.86 4.71 1.49 2.25 0.83
20091012 55116.1 15.417 0.011 14.911 0.006 4.03 0.51 5.54 1.24 4.26 0.64
20091023 55127.1 15.319 0.008 14.816 0.006 4.01 0.57 5.78 1.08 3.49 0.53
20091117 55152.1 15.489 0.007 15.04 0.007 5.08 0.56 5.31 1.80 3.95 0.88
20091130 55165.0 14.847 0.007 14.372 0.006 4.12 0.88 6.25 0.97 3.49 0.37
20100519† 55335.4 15.394 0.02 15.032 0.007 4.43 0.66 6.99 2.59 6.70 3.00
20100702† 55379.4 15.715 0.012 15.367 0.011 6.87 1.09 7.39 2.72 9.84 4.28
20100714 55391.4 15.957 0.01 15.581 0.009 6.50 0.92 6.33 2.74 13.01 4.43
20100802† 55410.4 15.88 0.011 15.378 0.01 - - 10.57 5.91 9.27 6.67
20100920 55459.1 15.229 0.01 14.759 0.008 3.41 0.74 4.97 1.22 1.89 0.38
20101112 55512.0 14.427 0.007 13.937 0.006 2.04 0.29 3.72 0.71 1.70 0.36
20101118 55518.1 14.065 0.009 13.519 0.005 1.89 0.46 4.00 0.53 1.77 0.18
20101203 55533.0 15.282 0.019 14.682 0.007 3.99 0.82 5.66 2.50 3.28 1.93
20110611 55723.4 16.295 0.017 15.917 0.016 11.20 2.84 11.24 6.38 21.70 10.94
20110626 55738.4 16.319 0.021 16.027 0.026 6.71 2.70 12.68 6.91 14.29 7.70
20111002 55836.2 16.529 0.02 16.206 0.021 - - 15.97 6.35 20.74 8.61
20111017 55851.1 16.463 0.017 16.182 0.017 11.92 1.84 11.56 4.39 19.50 6.40
20111102 55867.1 16.604 0.023 16.208 0.021 12.56 1.55 16.65 5.34 26.88 7.91
20111202 55897.0 16.635 0.035 16.332 0.038 15.54 1.99 20.85 6.97 17.00 6.04
Note. — Columns give the (1) UTC date of the spectroscopy observation, (2) corresponding Modified Julian date (MJD),
(3) V magnitude (Vega), (4) 1σ uncertainty in the V-band magnitude, (5) R magnitude, (6) 1σ uncertainty in the R-band
magnitude, (7, 9, 11) equivalent widths, and (8, 10, 12) 1σ uncertainties of Mg II, Hβ and Hγ, respectively. V- and R-band
magnitudes were obtained from the SMARTS 1.3m telescope+ANDICAM instrument. Spectra were taken with the SMARTS
1.5m telescope + RCSpectrograph. All observations are contemporaneous, as the maximum amount of time between a given
photometry and spectroscopy observation is never greater than two nights (maximum separation on 20100702); all other
observations are within fractions of a day. †SMARTS photometry taken on 20091001 (55105), 20100519 (55335) 20100630
(55377), 20100803 (55411), respectively.
A˚, and slit width of 2′′. In 2008-2010, the integration
time was set to 900 s, with three sequential exposures
per night. Beginning in 2011, exposure times were re-
duced to 600 s to allow observation of more sources per
observing night. Two illustrative examples of SMARTS
optical spectra, during the two highest γ-ray flux states,
can be seen in Figure 2.
The spectra were bias- and overscan-subtracted then
flat-fielded using standard IRAF procedures. Wave-
length calibration was completed using reference HeAr
spectra taken immediately prior to the target integration.
The spectra were then interpolated to a linear wavelength
scale. Bad pixels were rejected, then spectra were inter-
polated across them. The three nightly exposures were
then averaged together to produce the highest possible
signal-to-noise spectrum per night.
The spectra were calibrated using near-simultaneous
photometry from SMARTS (see Table 1). The contin-
uum flux near the Mg II line (λobs = 5200 A˚) was cal-
ibrated using the same SMARTS V-band photometry
(effective wavelength 5500 A˚) since the observed wave-
length is redshifted into this band. Similarly, the Balmer
lines were calibrated with the R-band photometry (Hγ,
λobs = 8071 A˚; Hβ, λobs = 9040 A˚; see Figure 2). The
conversion from each waveband magnitude to flux den-
sity, in units of erg s−1cm−2 A˚−1, utilized Bessell et al.
(1998) zero points. The equivalent width can be con-
verted to an emission line flux by multiplying the flux
density. This conversion to line flux is the largest er-
ror introduced in our calculation. We note that on 2010
May 20, although Steward had a more simultaneous pho-
tometric observation, we used the SMARTS photometry
due to calibration mismatches between the two datasets,
which caused the R-band magnitudes to differ by more
than the stated uncertainties.
No order-blocking filters were used to obtain the spec-
tra presented here. Given the width of the spectral range
covered, second order contamination may contribute to
the continuum flux at redder wavelengths greater than ≈
6400 A˚, which could affect line flux measurements of the
Balmer lines. An estimation of the second order contami-
nation for this optical setup was obtained using historical
observations of standard star LTT 4364 with and with-
out the order blocking filter GG495 on 2004 April 20.
We find the second order contamination to be ≈ 5% at
8070 A˚ and ≈ 8% at 9040 A˚, the observed locations of
the Balmer lines in this study. These estimates are in
agreement with previous characterizations of second or-
der contamination found in the literature (Szokoly et al.
2004; Stanishev 2007). The second order contamination
measured in the standard star is an upper limit on the
contamination expected in 3C 454.3 given that it is often
redder than the standard star. The measured equivalent
width would change by, at most, a few percent which
4 Isler et al.
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Fig. 1.— The 3.3 year light curves of 3C 454.3 from SMARTS B- & J- band, polarized optical flux from Steward monitoring (Fs), and
Fermi (E> 100MeV) γ-rays, in log flux units. Vertical lines mark dates of optical spectroscopy, with dashed lines indicate dates for which
SMARTS spectroscopy and photometry were taken on separate nights. The optical spectroscopy samples periods of high, moderate and
low γ-ray activity over the duration of monitoring. The γ-ray fluxes with low significance (TS<25) are plotted as upper limits. We note
the low polarized flux observed near MJD 55700 that also corresponds to low Fermi γ-ray fluxes.
contributes less than other uncertainties in the line flux
measurement. Thus second order contamination is not
considered in the following analysis.
The line equivalent widths were measured by fitting
a Gaussian to the emission lines above the continuum,
minimizing the χ2 statistic, using the MPFIT package
(Markwardt 2009). The continuum range used on each
side of the line was 50 A˚ wide. The uncertainty in the
equivalent width was determined by running 500 Monte
Carlo simulations of the fitted line, including the mea-
sured noise in the count rate of each pixel. For each
Monte Carlo simulation, the emission lines were fitted
and equivalent widths were calculated. The reported er-
ror of the equivalent width of each line is the standard
error on the 500 measured equivalent widths from the
simulation. The low-resolution spectroscopy presented
here does not allow the measurement of accurate line
shape characteristics.
2.3. Fermi Observations
Fermi/LAT data were obtained from the Fermi Sci-
ence Support Center website3 for 2008 August 04 - 2011
December 05. Pass 7 data (event class 2) were ana-
TABLE 2
γ-ray Flare Periods for 3C 454.3
UT Date MJD ∆t (days)
11 Sep 2008 - 11 Oct 2008 54720 - 54750 30
07 Aug 2009 - 26 Sep 2009 55050 - 55100 50
15 Nov 2009 - 04 Jan 2010 55150 - 55200 50
20 Mar 2010 - 03 Jun 2010 55275 - 55350 125
31 Oct 2010 - 20 Dec 2010 55500 - 55550 50
Note. — ∆t is the approximate duration (FWZM) of
the γ-ray flare, in days. These flare windows are refer-
enced in the subsequent line flux analysis.
lyzed using Fermi Science Tools (v9r27p1) with user-
contributed ‘LAT Analysis Scripts’, which automate the
reduction and likelihood analysis of the source. Galac-
tic response functions (gal 2yearp7v6 0), isotropic diffuse
background (iso p7v6source) and instrument response
functions (P7SOURCE V6) were utilized in the analy-
sis. Data were constrained to time periods where the
zenith angle was less than 100◦ to avoid Earth limb con-
tamination, and photons to within a 20◦ region centered
on the source of interest. The γ-ray spectra of 3C 454.3
were modeled as a log parabola, with the photon flux and
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Fig. 2.— Two examples of SMARTS optical spectra in the observed frame, obtained on 30 November 2009 (V = 14.85; top) and 18
November 2010 (V = 14.07; bottom). These spectra correspond to the exceptional γ-ray flares (log F100 = -5.1 ± 0.03 and -4.2 ± 0.01 ph
cm−2s−1, respectively) and emission line fluxes studied in detail in this work. Vertical lines show the (redshifted) wavelengths of identified
emission lines. Spectra are normalized for presentation purposes only and telluric lines (⊕) are identified.
spectral index, α, as free parameters; spectral curvature,
β, remained a fixed parameter. Fermi light curves (E >
100MeV) were calculated in one day time intervals, to
match the average SMARTS observation cadence.
Figure 1 shows the complete light curve obtained from
the present analysis, with the five flaring periods ana-
lyzed in this study identified in Table 2. Daily points
for which TS > 25 are plotted, where TS is the Fermi
test statistic and is roughly equivalent to 5σ detection
level (Mattox et al. 1996; Abdo et al. 2009). Upper lim-
its were obtained on the remaining dates shown.
3. RESULTS AND ANALYSIS
3.1. Emission Line Variability
Figure 3 shows the equivalent width versus optical
magnitude for the Mg II (purple circles), Hβ (cyan
squares), and Hγ (orange stars) emission lines over the
total observation period. The data were compared to
models of constant line flux in each emission line. The
best-fit constant line flux is found by minimizing the χ2
statistic for a family of constant emission line fluxes rang-
ing from 7×10−15 erg s−1cm−2 to 20×10−15 erg s−1cm−2
in 0.1×10−15 increment steps. Best-fit constant lines of
9.3×10−15 erg s−1 cm−2, 1.4× 10−14 erg s−1 cm−2, and
9.9× 10−15 erg s−1 cm−2 were found for Mg II, Hβ, and
Hγ, respectively. While the continuum flux increases,
the emission line fluxes show little significant deviation
from the constant line flux approximation.
Emission line light curves for Mg II, Hβ, and Hγ are
shown in Figure 4, compared to the Fermi γ-ray light
curve simultaneous to within one day. Dashed lines are
mean flux values and dot-dashed lines are the ±2σ un-
certainties. From 2008 August through 2011 December,
the emission line fluxes are largely consistent with con-
stant line flux, except during two epochs of observation,
shown in Figure 5.
Figure 5 (left) shows the 2009 December γ-ray flar-
ing period (MJD 55150 - 55200). During the 2009 De-
3 http://fermi.gsfc.nasa.gov/ssc/data/access
cember flare (peak γ-ray flare at MJD 55167), we see
positive spectral deviations of 1.2σ in Hβ, 1.8σ in the
Mg II line and 2.8σ in the Hγ line (at MJD 55165),
corresponding to a factor of 1.7 from the mean flux for
both Mg II and Hγ. Grey points in the line flux plots
mark data obtained from Steward Observatory, as re-
ported by Leo´n-Tavares et al. (2013), which extend from
4000 - 7550 A˚ rest frame waveband coverage, so that the
Mg II line is the only emission line that can be compared
with our findings. The Leo´n-Tavares et al. (2013) data
appear to have significantly smaller error bars than we
report here, which may be due to the fact that the flux
calibration errors are not included in their published data
tables. We estimate the additional error due to flux cal-
ibration in their data, in addition to the reported error,
and plot these uncertainties with the light grey dotted
error bars. Hγ and Hβ are reported only in the current
paper. While no significant deviation in the Mg II line is
reported in the Leo´n-Tavares et al. (2013) data for this
flaring period, we note that those observations occured
immediately pre-flare (MJD 55155) and so do not char-
acterize the response of the spectrum during the peak
flaring period itself.
Figure 5 (right) expands the 2010 November flaring pe-
riod (MJD 55500 - 55540) when 3C 454.3 was the bright-
est source in the γ-ray sky. Leo´n-Tavares et al. (2013)
reported a 40% increase in the Mg II line flux, which we
see as a 1.5σ deviation from the mean. In addition, we
see a factor of 2.5 increase in the line flux of Hγ (cor-
responding to a 3.7σ deviation) during the same epoch
(MJD 55518). We note that while the increase in Mg II
line flux is similar to that in the 2009 December flare,
Hγ showed a more significant increase in the line flux
during the more powerful γ-ray flaring period in 2010
November.
During both flaring periods, the measured continuum
flux was measured to be significantly higher than would
be predicted if the line fluxes were assumed to be con-
stant, indicating that the measured line fluxes were larger
6 Isler et al.
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Fig. 3.— Emission line equivalent width versus continuum mag-
nitude for Mg II, Hβ, and Hγ, overlaid with best-fit constant emis-
sion line flux (solid line) and the 1σ uncertainties (dot-dashed line).
V-band continuum magnitude is used for Mg II and R-band con-
tinuum magnitude is used for the Balmer lines. The best-fit line
is obtained by χ2 minimization, corresponding to constant line
fluxes of 9.3×10−15 erg s−1 cm−2, 1.4× 10−14 erg s−1 cm−2, and
9.9× 10−15 erg s−1 cm−2 for Mg II, Hβ, and Hγ, respectively.
than the mean line flux in each case. For the 2009 Decem-
ber flaring period, the predicted continuum flux differed
from the empirical line flux at the peak line flux by 69%
(Mg II), 77% (Hβ), and 56% (Hγ), corresponding to an
average of 4σ difference; similarly for the 2010 Novem-
ber flaring period the deviations were 32% (Mg II), 65%
(Hβ), and 15% (Hγ), an average of 2σ difference between
the measured and predicted continuum flux. Thus, the
line flux variations are distinguishable from increases in
continuum flux alone, as can be seen in Figure 3. We de-
termine the errors on the predicted line flux by summing
the uncertainties in the equivalent width and photometry
in quadrature (see Table 1).
Figure 6 shows emission line flux versus the γ-ray flux;
there is clear evidence that high jet flux states contribute
to the photoionizing flux, although the jet cannot con-
tribute the majority of the photoioinizing flux. Other-
TABLE 3
Emission Line Luminosities1
UTC MJD log LMg II log LHβ log LHγ
20080823 54701.2 43.5 43.6 43.4
20081014 54753.1 43.6 43.8 43.5
20081104 54774.0 43.6 43.8 43.7
20090710 55022.4 43.5 43.7 43.7
20090825 55068.2 43.6 43.6 43.8
20090902 55076.2 43.7 43.6 43.8
20090912 55086.1 43.6 43.4 43.6
20090923 55097.1 43.3 43.5 43.6
20091002 55106.2 43.7 43.4 43.8
20091012 55116.1 43.6 43.6 43.7
20091023 55127.1 43.6 43.5 43.7
20091117 55152.1 43.6 43.5 43.6
20091130 55165.0 43.8 43.7 43.9
20100520 55336.4 43.6 43.7 43.7
20100702 55379.4 43.6 43.7 43.6
20100714 55391.4 43.6 43.8 43.5
20100802 55410.4 - 43.7 43.8
20100920 55459.1 43.5 43.3 43.7
20101112 55512.0 43.7 43.6 43.9
20101118 55518.1 43.8 43.7 44.1
20101203 55533.0 43.6 43.5 43.8
20110611 55723.4 43.7 43.9 43.6
20110626 55738.4 43.4 43.6 43.6
20111002 55836.2 - 43.7 43.6
20111017 55851.1 43.6 43.7 43.5
20111102 55867.1 43.6 43.8 43.6
20111202 55897.0 43.7 43.6 43.7
Note. — The UTC is in YYYYMMDD format and
all luminosities in units of erg s−1.
wise, the quiescent jet states would correspond to de-
creased line flux, which is not seen. Instead, the data
remain near the mean emission line flux in all three emis-
sion lines during quiescent jet states.
3.2. Broad Line Region Variability
The three emission lines discussed in this work can
be combined to estimate the total broad line and accre-
tion disk luminosities. The total broad line region lu-
minosity, LBLR, can be estimated empirically by extrap-
olation from a few individual lines. The six strongest
broad emission lines in quasars — Lyα (100), CIV (63),
Mg II (34), Hγ(+OIII) (13), Hβ (22), and Hα (77) —
represent ∼ 60% of the total luminosity emitted in broad
lines (Celotti et al. 1997), where the parentheses indicate
the observed line strengths relative to Lyα (Francis et al.
1991; Gaskell et al. 1981). Using these line ratios, and
summing the three lines that are detected in virtually all
spectra obtained for this study — Mg II, Hγ, and Hβ —
we estimate the total broad-line luminosity:
LBLR ≃ η(LMgII + LHβ + LHγ). (1)
where η = 7.5 when all three lines are used, and 14.7
when only the Balmer lines are detected. The line lu-
minosities obtained for each spectrum are listed in Ta-
ble 3, and the mean broad line luminosity is LBLR ≃
1045 erg s−1 (see Table 4). Using three lines makes
the broad line luminosity estimate more robust than
the usual correction from one line (Celotti et al. 1997;
Sbarrato et al. 2012). We note that the line ratios sug-
gested by Celotti et al. (1997) are consistent for the three
lines we observed in the SMARTS spectra.
4. DISCUSSION
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Fig. 4.— Broad emission line flux light curves for Mg II (purple circles), Hβ (cyan squares) and Hγ (orange stars). The bottom panel
shows the Fermi γ-ray light curve (TS >25) for the same MJD (green diamonds) and over the total observed interval (grey points). The
average flux of each emission line is represented by the dashed lines and 2σ deviations are marked by dot-dashed lines. Over the 3.3 years
of observation, the line fluxes deviate by more than 2σ above the mean only on MJD 55165 and 55518 in Mg II and Hγ, respectively. This
lack of strong detectable variability in the line emission is in stark contrast to the factor of nearly 100 variations in γ-ray flux over the
same time period, as seen in the bottom panel. However, the highest γ-ray flare phases (MJD 55167 and 55520) correspond to the greatest
deviation in the Hγ and Mg II line fluxes. The rise and fall of the Hγ line flux, in particular, appears to trace the rise and fall of the γ-ray
flux.
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Fig. 5.— Multiwavelength light curves during the 2009 December flaring period (MJD 55150 - 55200; left) and 2010 November (MJD
55500 - 55540; right). Panels are as in Figure 4. Grey points are data from Leo´n-Tavares et al. (2013) during the pre- and post-flare phases.
The dashed error bars represent the reported errors in addition to the estimated error on the flux. Dashed and dot-dashed lines show the
mean line flux values for the SMARTS and Leo´n-Tavares et al. (2013) data, respectively. The purple circles, cyan squares, and orange stars
show the SMARTS data obtained during the flaring phase, which collectively show a significant deviation from the mean in the Mg II and
Hγ line flux in the same sense as the γ-rays (green diamonds). This suggests that the jet continuum, in its brightest state, contributes
significantly to the photoionization of the broad line gas. The Leo´n-Tavares et al. (2013) data were scaled on a quiescent date to match
the SMARTS data, given that the SMARTS Mg II line flux was not disentangled from the FeII emission and thus is systematically higher,
as well as to minimize the effect of unknown flux calibration errors in those light curves. The SMARTS data show significant deviations
in both the Mg II and Hγ line flux, with Hγ showing a factor of 2.5 increase in flux during the flaring phase.
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Fig. 6.— Broad emission line fluxes vs γ-ray flux for Mg II (purple circles), Hβ (cyan squares), and Hγ (orange stars). Arrows mark
where the Fermi confidence level, TS is < 25 (and hence upper limits in γ-ray flux); points are dates for which TS > 25. The average
flux for each emission line is shown with the dashed line with corresponding colors. The places of highest detectable deviation from the
mean line flux values are coincident with the very highest γ-ray fluxes, perhaps indicating a jet contribution to the photoionization of the
broad line gas, but the emission line flux is remarkably constant across 3 orders of magnitude in γ-ray flux, suggesting that the jet is not
a significant source of photoionization most of the time.
TABLE 4
Derived Physical Quantities.
Parameter Units
〈FMg II〉 -13.96 (0.10) erg s
−1 cm−2
〈FHβ〉 -13.93 (0.14) erg s
−1 cm−2
〈FHγ〉 -13.87 (0.14) erg s
−1 cm−2
〈LBLR〉 45 erg s
−1
Note. — The mean line flux and broad line
luminosity derived for 3C 454.3. All quantities
are in rest frame units. Average fluxes and lu-
minosities are given in logarithmic units.
Our results show that the broad line region in 3C 454.3,
as traced by the Mg II, Hβ, and Hγ emission lines, is
not undergoing large variations over 90% of the period
of observation. This is consistent with a slowly vary-
ing accretion disk providing a large fraction of the pho-
toionizing flux in the broad line region. If the accretion
disk were undergoing significant, changes in accretion
rate, the (disk) photoionizing flux would change, and
in turn the emission line fluxes would also vary, likely
with lags on the order of several months. Given the
lack of large amplitude variability in the broad lines and
thus in the photoionizing disk emission, the jet does not
contribute much photoionizing flux to the broad line re-
gion in general. This is consistent with the 3C279 result
(Koratkar et al. 1998), showing only small line flux vari-
ations (≈25%) with factors of 50 in optical continuum
variability.
Historically, the UV thermal bump from disk emis-
sion has been observed to be ∼ 7 ×1046 erg s−1 in
the faint state of 3C 454.3 following the 2005-2006 out-
burst (Villata et al. 2007; Raiteri et al. 2007b). Com-
paring our estimate of the total broad-line luminosity,
≈1×1045erg s−1, we infer that either the covering factor
is ≈ 1/70 or, in order for the covering factor to be closer
to the 0.1 observed in other quasars (Baldwin & Netzer
1978; Smith et al. 1988), the disk luminosity must have
declined by a factor of 7. The lack of variability seen
in the UV big blue bump during both active and quies-
cent jet states (Bonnoli et al. 2011; Bonning et al. 2012),
however, favors the former explanation.
However, the very highest γ-ray jet flaring periods
are associated with significant increases in the broad
line region emission. The 2009 December flare phase
(MJD 55166 - 55173), F100 = 22×10
−6 ph cm−2s−1
(Ackermann et al. 2010), corresponded to significant in-
creases in the Mg II and Hγ line fluxes during the plateau
phase of that flare period. The 40% increase in Mg II line
flux seen by Leo´n-Tavares et al. (2013) in 2010 November
occurs during the plateau phase (MJD 55503 - 55515),
whereas we saw a larger increase. The 2σ deviation in
Mg II and the 4σ increase in Hγ during the flaring phase
(MJD 55516 - 55522, F100 = 66×10
−6 ph cm−2s−1) are
much larger than the increase seen by Leo´n-Tavares et al.
(2013); these results are consistent because they do not
sample the same time periods, and in particular, they
do not sample the γ-ray flaring period (as defined by
the Ackermann-Abdo convention4). In our case, be-
4 The 5 major flaring periods in 3C 454.3 show a consistent
phenomenological γ-ray structure that includes pre-flare, plateau,
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cause we normalize using highly accurate photometry,
we avoid systematic errors that come from the difficulty
of absolutely calibrating the spectra, and maintaining
calibration accuracy over long time intervals.
The 2010 April flare (MJD 55280 - 55300, F100 =
16×10−6 ph cm−2s−1) showed no significant line variabil-
ity in any of the lines analyzed in this work. While the
Fermi γ-ray fluxes for the 2009 December and 2010 April
flaring phases are similar to the 2010 November plateau
phase intensity, the 2010 April flare has slightly lower
peak intensity and is the only flare that did not show a
detectable 7mm core ejection event (Jorstad et al. 2012).
Furthermore, in contrast to the significant increases in
polarization during the 2009 and 2010 flares, the 2010
April flare also lacks significant increase in the polarized
(non-thermal) flux. This flare may therefore be produced
in a different manner than the other two flares discussed
here. As such, the difference in line flux response may
be due to lack of strong γ-emitting emission originating
within the broad line region. The low polarization seen
near MJD 55700, which also corresponds to low Fermi
γ-ray flux also suggest no γ-emitting plasma is present.
This is in contrast to the high polarization that is seen
during high γ-ray states and when emission line variabil-
ity is observed.
The Hγ line shows stronger variations than Mg II and
Hβ in both the 2009 December and 2010 November flar-
ing periods. This may be because the Mg II and Hβ
lines are more challenging to measure due to systematic
effects. Hβ suffers from a fall-off in detector sensitiv-
ity at the red end of the spectrograph; Mg II is diluted
by the underlying Fe II emission known to be present
at the same wavelength interval (this systematic effect
has not been accounted for in the quoted uncertainties
of the Mg II line strength). The Fe II contribution is
expected to be strongest in the wings of the Mg II line
and at a local minimum around the center of the Mg II
line (Wills et al. 1985; Goad et al. 1999), and thus is not
likely to contribute significantly to our line flux measure-
ments. In addition, Leo´n-Tavares et al. (2013) decom-
posed the Fe II emission but it showed the same vari-
ation as the Mg II line (see their Figure 2), suggesting
that its contribution does not obscure the emission line
variation or else that it is not possible to disentangle
it from the Mg II. The lesser variability in Mg II com-
pared to Hγ is likely due to the stratification of the broad
line region with respect to ionization parameter and gas
density (Clavel et al. 1991; Goad et al. 1999). It should
also be noted that Hγ falls within the highly variable at-
mospheric water vapor absorption feature from ∼8000 -
8400 A˚, which could in principle affect the line flux we
measure. However, any atmostpheric absorption would
attenuate the measured emission line flux, such that the
true line flux is greater than that reported.
As the broad emission lines vary by less than a factor
of 2 over most of the observation and the sampling is
not dense enough, it is not possible to do reverberation
mapping. However, constraints can be placed on the vari-
ability timescale during the 2010 November flare period
given the coincidence of the γ-ray flare period with the
flare and post-flare phases evident in the 2009 December, 2010
April and 2010 November flaring periods Ackermann et al. (2010);
Abdo et al. (2011).
deviation from the mean line fluxes. The peak γ-ray flux
occurs within 2 days of the peak Hγ line flux (MJD 55520
and 55518, respectively), so the light travel time from the
broad line clouds to the jet acceleration region is ≤ 2δ
days. This work shows that the Mg II emission coincides
with the strongest flaring period in 2010 November, as
does the Hγ emission and both lines increase near the
peak of the 2009 December γ-ray flaring period. This
suggests that during the strongest flaring periods the jet
is bright enough to significantly increase the photoion-
izing flux in the broad line region, as also suggested by
Leo´n-Tavares et al. (2013). If the disk were responsible
for the changes we see, we would expect each flare to be
associated with changes in the broad line region luminos-
ity with a marked delay, which is not observed.
Previous studies have shown correlations among
the millimeter, infrared, optical, ultraviolet and γ-
ray emission (Bonning et al. 2009; Jorstad et al. 2012;
Wehrle et al. 2012; Abdo et al. 2011; Vercellone et al.
2011) during the 2010 November flaring period. These
correlations argue for the cospatiality of the synchrotron
radiation with the lower energy photons on which in-
verse Compton scattering takes place. That the variabil-
ity of the broad line region luminosity coincides with the
strongest γ-ray flaring periods suggests that the broad
line region must lie further from the central source than
the γ-emitting region, at least during the 2009 December
and 2010 November flaring events. The fact that we see
an increase in broad line strength at the same time as
the Doppler boosted jet emission implies that broad-line
clouds along the line-of-sight are affected by the jet flare.
The location of the γ-emitting region is actively
debated. Many studies suggest that it lies within
the broad line region (Bo¨ttcher 2007; Kataoka et al.
2008; Tavecchio et al. 2010; Ghisellini et al. 2010;
Poutanen & Stern 2010; Tavecchio et al. 2010;
Stern & Poutanen 2011; Abdo et al. 2011), which is at
sub-pc scales (0.03 - 1 pc) (Peterson 1993, 2006, e.g.),
while others conclude it is well outside the broad line
region, tens of pc from the black hole (Marscher et al.
2008; Jorstad et al. 2010, 2012; Agudo et al. 2012).
We know from VLBI imaging that at least some jet
flares are located at large distances from the central
source (∼10 pc) (e.g., TEMZ model Marscher et al.
2011; Agudo et al. 2011). Following the 2009 December
and 2010 November flaring periods, Tavecchio et al.
(2010); Abdo et al. (2011) suggest the γ-emitting region
of 3C 454.3 could be located at the outer edges of the
broad line region (rem ∼ 0.14 pc), using γγ-opacity
arguments.
An independent argument can be used to determine
whether the γ-emitting region could exist within the
broad line region. The correlation of the millimeter and
γ-ray light curves imposes an upper limit on the syn-
chrotron self-absorption frequency to be ∼ 7mm. The
SED for 3C 454.3 presented in Bonning et al. (2012)
was fit with a one-zone synchrotron and inverse Compton
model (Coppi 1992; Ghisellini et al. 2007) with param-
eters: size, Rγ ∼ 10
17 cm; Doppler factor, δ ∼20; and
magnetic field strength, B ∼ 1 G, similar to the fits of
Bonnoli et al. (2011). For this model, the self-absorption
frequency, νssa ≤ 3 mm, compatible with a γ-emitting
region located within the canonical broad line region.
Time Resolved BLR Behavior of 3C 454.3 11
The beaming of the jet emission adds photoioniz-
ing flux to a small fraction of the gas in the broad
line region, similar to that described in the mirror
model (Ghisellini & Madau 1996). A systematic study
of other blazars would confirm whether increased broad
line fluxes are generally associated with the strongest jet
flares. Then, by comparing the line variability charac-
teristics of other (misaligned) quasars and radio galax-
ies, one could have an independent probe of the parent
population of blazars.
5. SUMMARY AND CONCLUSIONS
The optical-IR continuum and optical emission line
flux variability of the blazar 3C 454.3 was measured
throughout 3.3 years of continuous Fermi observations.
Five dramatic γ-ray flares coincided with large increases
in the mm, optical-IR, and ultraviolet bands but the
broad emission lines varied much less, being consistent
for the most part with constant line luminosity. Two
notable exceptions were seen however, during the two
strongest γ-ray flares. The coincidence of the increases
in the broad emission lines at the peak of the two high-
est γ-ray flaring states (and core ejections) suggests that
the γ-emitting region, at least in those flares, must be
interior to the broad line region gas.
To strengthen these results, much finer cadence optical
spectroscopy is needed during the highest γ-ray flaring
states of 3C 454.3, meaning at least daily monitoring
during and in the weeks immediately following a large
γ-ray flare. Other bright blazars should be monitored
spectroscopically to see whether they show similar
evidence of photoionization by a compact gamma-ray
source. We have undertaken such a study, with results
to be reported in a future paper.
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